Abstract. Syngas produced by gasification has a potential to be one of the fueling solutions for gas turbines in the future. In addition to the combustible constituents and inert gases, syngas derived by gasification contains a considerable amount of water vapor which effect on syngas combustion behaviour. In this work, a micro-gas turbine with a thermal capacity of 50 kW was simulated using ASPEN Plus. The micro gas turbine system emissions were characterized using dry syngas fuels with a different composition, syngas 1 (10.53% H2, 24.94% CO, 2.03% CH4, 12.80% CO2, and 49.70% N2) and syngas 2 (21.62% H2, 32.48% CO, 3.72% CH4, 19.69% CO2, and 22.49% N2) mixed with LPG in a dual fueling mode. The effect of syngas moisture content was then studied by testing the system with moist syngas/LPG with a moisture content ranging from 0 to 20% by volume. The study demonstrates that the syngas moisture content has high influence on nitrogen oxides and carbon monoxide emissions. It's found that for 5% syngas moisture content, the NOx emission were reduced by 75.5% and 83% for Syngas 1 and Syngas 2 respectively. On carbon monoxide emissions and for same moisture content ratio, the reduction was found to be 43% and 57% for syngas1 and syngas 2 respectively.
Introduction
Recently, a huge effort has been concentrated on using low calorific value fuels to run gas turbines for power generation. These fuels include synthetic gas which is commonly known as syngas. Syngas is mainly consists of carbon monoxide (CO) and hydrogen (H2) with varied levels of nitrogen (N2), carbon dioxide, methane and water vapor. Syngas compositions can vary widely due to many factors such as: feedstock type, gasification agent and gasification method [1, 2] . The variation in compositions can effect on syngas combustion behavior and hence on the performance and emissions.
Syngas produced by coal gasification has a moisture content range of 6-20% [3] , while biomass derived syngas yields a syngas with moisture content of 15% [1, 4] for gasification with dry air and 31. .9% for oxygen [1] . Using moist fuel to feed gas turbines has advantages in reducing the temperature inside the combustion chamber which is limited due to metallurgical constrains. On the other hand and due to the high heat capacity of the steam, using moist fuels may affect negatively on the utilization of heat released by fuel combustion because some of released heat will be absorbed by the steam. Concerning the emissions, the presence of steam in syngas fuels has a strong effect on NOx formation. It reduces the flame temperature and therefore reduces the thermal NOx formation.
Numerous studies have investigated the influence of the steam presence in syngas on combustion and emissions [2, 4, 5] . Singh et al. [5] studied the effect of water addition on the kinetic of syngas/air combustion at elevated temperature. The study focused on flame speed measurements of syngas with various H2-CO compositions and the effect of water addition to the fuel mixture at high temperature. Delattin et al. [6] studied experimentally the combustion of wet syngas/natural gas mixtures at atmospheric condition for micro-turbine combustor. The experimental facility was supported with an external steam generator which provides the fuel mixing system with the needed amount of the steam to represent the wet syngas. The study was focused on combustor temperature, flame stability and emissions. The combustor showed stable combustion with a lower temperature and emissions levels compared to natural gas. The study was lack in giving information on combustion and emissions for the pressurized condition which is the real condition in gas turbine combustors and has a deep influence on CO formation [1] . Lee et al. [7] conducted an experimental investigation on the influence of N2, CO2 and steam dilution on the combustion performance of synthetic gas in a model of GE7EA industrial gas turbine combustor. The experiments were conducted on a 60 kW gas turbine combustor test facility at ambient pressure and at inlet air temperature of 380 o C. They demonstrated that the NOx emissions are decreased with as the amount of diluents is increased. They stated also that the NOx emission per unit power generation is logarithmically related only to the diluent's heat capacity.
In the current study, the effect of steam dilution on the emissions of a 50 kW micro-gas turbine system fueled with syngas and LPG in a dual fuel mode was investigated. The micro-gas turbine was simulated using ASPEN Plus (Advanced System for Process Engineering). The system was characterized first with dry LPG/syngas fuel then the effect of feeding the system with moist fuel was investigated in slightly pressurized combustor.
2 Micro-Gas Turbine System Simulation ASPEN Plus is an appropriate tool for the simulation of small scale gas-turbine systems. Most of these systems use single stage compressor and turbine and does not include any cooling mechanism in turbine blades [8] . The gas-turbine simulation flow sheet ( Figure 1 ) consists of an air compressor (COMPRESS), combustion chamber (COMB) and two turbines (TURB-1, TURB-2). The compressor and turbine were simulated using isentropic types in which the isotropic and mechanical efficiencies should be entered. The air compressor was driven by the first turbine (TURB-1) which mentioned by the work streamline 6. For the combustion chamber, RGIBBS reactor was selected to simulate the reaction which occurs in the combustion chamber. The combustor heat loss was simulated by heat loss streamline Q. Table 1 shows the simulation block description. In addition to LPG, two syngas fuels with different compositions and gasification method were selected to characterize the system in a dual fuel mode. Syngas1 is produced by pre-heated air gasification of oil palm fronds (OPF) in a fixed bed gasifier. Syngas 2 is produced by co-gasification of coal and pine saw dust in fluidized bed gasifier. Oxygen rich air and steam were used as a gasification agent. Table 2 shows the compositions and the low and high calorific value of the fuels used to run the simulation. The LPG fuel used in this study is assumed to be as Malaysian standard which consists mainly of propane and butane, while the constituents with small fractions are neglected. In order to study the effect of syngas moisture content, water was added to syngas fuels in a vapor form. In order to perform the simulation and analysis for the micro gas-turbine system a number of assumptions were set and applied to the system and the working fluids, these assumptions as following:
1. All gases behave like ideal gases. 2. The ambient temperature and pressure are 25 o C and 1 atm respectively. 3. Steady-state conditions for the system and the components. 4. Chemical reaction in the combustion chamber takes place towards the equilibrium state. 5. The air is consisting of 21% Oxygen and 79% Nitrogen. 6. The Liquefied Petroleum Gas (LPG) is consisting of 30% Propane and 70% Butane. Simulates the second stage expansion for power generation Shown in Figure 1 is the ASPEN Plus flow sheet, after gas-turbine flow sheet completed, the parameters were entered for each block and stream. The system was characterized first for a 50 kW thermal input using dry LPG/syngas fuel which injected separately to the combustor in a duel fuel mode with a thermal syngas heat input of 20 % and 80 % for LPG. The air stiochiometric was calculated for each fuel and sensitivity test was conducted on the fuel moisture content to vary the moisture content percentage in a range of 0 -20% by volume. 
Results and discussions
The temperatures at different points of the system were investigated including the temperature of exhaust gas leaving the combustor, turbine inlet temperature and exhaust gas leaving power turbine at different syngas moisture content. Figure 2 shows the effect of syngas moisture content on the combustor temperature. The combustor temperature decreases with the increase of moisture content. This is due to fact that the water vapor will absorb a part of heat released by combustion. The highest combustor temperature was found to be at Syngas/LPG dry condition. For moisture content ratio of 0-5%, the effect on temperature reduction was less compared to 5-10%. The increase of syngas fuel moisture content beyond 10% has no effect on reduction of combustor temperature. The effects of water addition on nitrogen oxides (NOx) emissions were investigated for syngas/LPG fuels. For both syngas mixtures, the NOx emissions were found to decrease with the increase of moisture content. Figures 3 and 4 are showing the effect of syngas moisture content on NO2 and NO emissions respectively. It is observed that NOx emission trends were directly affected by the combustor temperature. At dry conditions and due to the high temperatures, the nitrogen oxides emissions were in its highest levels. At 5% moisture content the reduction of NOx emission for syngas 1 and syngas 2 were found to be 75.5% and 83% respectively which indicates the huge effect of moisture on NOx emissions. The reason for this behavior is that in the case of moist syngas, some of heat is used for water evaporation in converting water to vapor. This process decreases the flame temperature in the combustor which has negatively influences on formation of nitrogen oxides emissions. Moreover, the steam existence in the combustion chamber effects on the thermo/physical properties of the water vapor which effects on the heat transfer coefficient of the gas mixture and assists the heat transfer through the walls of the combustion chamber [11] . The results of syngas2 combustion showed higher nitrogen oxides emissions compared to syngas1. Furthermore, for moisture content less than 5%, the nitrogen oxides formation in syngas 2 was less affected with the fuel moisture ratio. This is due to the higher presence of combustable constitutes H2 and CO2 in syngas 2 and it is influence on increasing the combustion temperatures. For moisture content ratio more than 5% the nitrogen oxides emissions reduced steeply which reflects the high influence of temperature reduction on nitrogen oxides formation.
Shown in Figure 5 is the variation of CO emission with syngas moisture content for the tested fuels. The highest CO emission levels were found to be at the dry condition. At this condition, the emission of syngas 2 was higher than syngas 2 with 29%. This is due to the higher CO fraction in syngas 2 mixture. The CO emission started to reduce with the increase of the moisture content. At 5% syngas moisture content, the CO emissions were less than the dry fuel emissions by 43% and 57% for syngas 1 and syngas 2 respectively. While at 10% moisture the CO reaches its lowest value, beyond his point any increase of moisture has no considerable effect on CO emissions. This is can be explained by the effect of physical dilution of steam which resulted in the reduction of the adiabatic flame temperature. The lowering of adiabatic flame temperature resulted in a corresponding decrease in flame speed which might effect in the increase of the residence time and hence drives the combustion process towards the complete combustion.
Conclusions
In the present study a theoretical investigation was conducted on the effect of syngas moisture content on the emissions of a 50 kW micro-gas turbine fueled with syngas/LPG in a dual fuel mode. The micro-gas turbine system was simulated using ASPEN Plus. The investigation was carried out on the system for a thermal input of 20% syngas and 80% LPG. Two syngas fuels with different compositions with a moisture content range of 0-20% by volume were selected for this study. The main effect of syngas moisture content can be summarized as follows:
1. The combustor temperature decreased with the increase of syngas moisture content. 2. NOx and CO emissions were found to decrease with the increase of syngas moisture content. 3. From the results, feeding micro gas turbines with a controlled moist syngas can be used as an effective tool to control the gas turbines temperature and emissions.
